windows; N. Schlumpf, U. Hartmann, and M. Gaspar for electronics; S. Spielmann-Jaeggi and L. Carroll for optical measurements; Ch. Parthey Massimo Robberto, 4, 5 Jean-Luc Beuzit 6, 7 Direct imaging allows for the detection and characterization of exoplanets via their thermal emission. We report the discovery via imaging of a young Jovian planet in a triple-star system and characterize its atmospheric properties through near-infrared spectroscopy. The semimajor axis of the planet is closer relative to that of its hierarchical triple-star system than for any known exoplanet within a stellar binary or triple, making HD 131399 dynamically unlike any other known system. The location of HD 131399Ab on a wide orbit in a triple system demonstrates that massive planets may be found on long and possibly unstable orbits in multistar systems. HD 131399Ab is one of the lowest mass (4 ± 1 Jupiter masses) and coldest (850 ± 50 kelvin) exoplanets to have been directly imaged.
T housands of planets around other stars have been discovered (1, 2), revealing a greater diversity than predicted by traditional planet formation models based on the solar system. Extreme examples are planets within binary and multiple-star systems, which form and evolve in variable radiation and gravitational fields. Direct imaging allows for the detection and spectroscopic characterization of long-period giant planets, thus enabling constraints to be placed on planet formation models via predictions of planet population statistics and atmospheric properties (3). However, most direct imaging surveys have traditionally excluded visual binary or multiple systems whose separations are less than a few hundred astronomical units (AUs). These exclusions are based on the assumption that such planetary systems would either be disrupted or never form, as well as the increased technical complexity of detecting a planet among the scattered light of multiple stars. As a result of this observational bias, most directly imaged exoplanets have been found around single stars.
Because multistar systems are as numerous as single stars (4), building a complete census of longperiod giant planets requires investigation of both configurations. In principal, planets on wide orbits (detectable by direct imaging) might arise more frequently in multistar systems because of planetplanet or planet-star interactions (5, 6) . Such interactions could even produce planets on chaotic orbits that wander between the stars (7, 8) . To investigate the frequency of long-period giant planets both around single stars and in multistar systems, we are using the Very Large Telescope (VLT) and the Spectro-Polarimetric High-Contrast Exoplanet Research instrument [SPHERE (9) ] to sample a population of~100 young single and multiple A-type stars in the nearby Upper ScorpiusCentaurus-Lupus association. Here we report the discovery of the first planet detected in our ongoing survey and the widest-orbit planet within a multistar system.
Observations and discovery of HD 131399Ab
HD 131399 (also known as HIP72940) is a triple system (10) in the 16 ± 1-million-year-old Upper In each image, the luminosity of component A (but not components B and C) has been suppressed by the use of a coronagraph. The images in panels (A) to (C) were processed with angular and spectral differential imaging to subtract the stellar PSF, whereas panel (D) and the PSF-subtracted region of (E) were processed only with angular differential imaging (10) . Images in (A) to (D) share the same field orientation. Table 1 . Basic parameters of the stars and directly imaged planet in HD 131399. The mass, effective temperature, and spectral type of the previously unresolved B and C stars (except where noted) were estimated from their K1 luminosity (17) (18) (19) 35) . The planet's temperature and spectral type were determined through spectral fitting (see next section on characterization). Apparent J, H, and K magnitudes for HD 131399A were obtained from (36 
* (37). † (38).
Centaurus-Lupus association [UCL (11) (12) (13) ] at a distance of 98 ± 7 pc (14) whose basic properties are given in Table 1 . The system's membership in UCL is confirmed by its parallax and kinematics (11) (12) (13) , and the well-constrained age of the association provides greater confidence in the young age of the system than for most directly imaged exoplanet host stars (see supplementary text for the detailed age analysis). Despite its youth, the system shows no evidence of infrared excess, and thus its primordial disk has probably been depleted to beneath detectable levels (15) . We observed HD 131399 on 12 June 2015, obtaining a wide range of near-infrared spectral coverage ranging from the Y band to the K band (0.95 to 2.25 mm) and diffraction-limited imaging with an 8.2-m telescope aperture. Our observations (10) resulted in the discovery of HD 131399Ab, a point source with a 10 −5 contrast to HD 131399A
and a projected separation of 0.84 arc sec, or 82 ± 6 AU ( Fig. 1 and Table 1 ). After the initial discovery, we obtained follow-up observations (10) to verify whether the faint source is physically associated with the parent star (i.e., shares common proper motion) and to improve the quality of the near-infrared spectrum, enabling characterization of the planet's atmospheric properties.
We detected HD 131399Ab with a signalto-noise ratio in the Y (1.04 mm), J (1.25 mm), H (1.62 mm), K1 (2.11 mm), and K2 (2.25 mm) bands of 9.3, 13.2, 15.5, 23.5, and 11.9, respectively. Following astrometric calibrations (10), we measured a positional displacement to HD 131399A of Da (right ascension) = 12 ± 8 milli-arc sec (mas) and Dd (declination) = 6 ± 8 mas over the 11-month baseline, where the uncertainties are dominated by the calibration of the instrument orientation across the two epochs. This allows us to reject the hypothesis of a background object, which would have moved relative to HD 131399A by Da = 27.3 ± 0.6 mas and Dd = 28.8 ± 0.6 mas due to the relatively high proper motion of the system (14) . Assuming a Keplerian orbit for the planet with a semimajor axis equivalent to its projected separation of 82 AU yields a period of~550 years, which, for a face-on circular orbit over 11 months, is expected to produce~9 mas of relative motion, consistent with our observations.
The bound planet hypothesis is also supported by the low probability of detecting an unbound object within UCL that happens to share a similar spectral type to HD 131399Ab (as discussed in the next section). Following the arguments in (16), the false-alarm rate of an unassociated objected with a planetlike spectrum per field of view is~2 × 10 . The total false-alarm probability of one such object appearing in our 33 fields of view (so far explored in our survey) is given by the binomial distribution, resulting in a probability of~6.6 × 10
. Although the probability of detecting a bound giant planet is not yet well established, results from the first several hundred stars surveyed suggest that this value is around a few percent-orders of magnitude higher than the probability of detecting an unbound object with a planetlike spectrum.
Characterization of HD 131399Ab
We convert the planet's J-, H-, and K1-band aperture photometry to a mass estimate via compar- regime. Even in the unlikely event that the system is much older (by a few hundred million years), companion Ab would necessarily be of planetary mass (<13 M Jup ). The H versus H-K color of the planet is inconsistent with the cold-start scenario, in which the planet has lost some fraction of its initial entropy due to inefficient accretion (19, 20) , but consistent with hot-start models including a partly cloudy atmosphere and/or super-solar metallicity ( fig. S1 ).
Using the integral field spectrograph (21) on SPHERE, we obtained a 0.95-to 1.65-mm spectrum. This spectrum allows the characterization of water and methane absorption bands within 1.4 to 1.6 mm, although the signal-to-noise ratio in the individual spectral channels at shorter wavelengths is too poor to be useful in spectral analysis. In the K-band, where the contrast with the star is more favorable, the dual-band images also probe the 2.2-mm methane absorption. Like the exoplanet 51 Eridani b (16) and other field (nonexoplanet) T-type brown dwarfs, the near-infrared spectrum of HD 131399Ab (Fig. 2 ) displays prominent methane and water absorption bands. The data are in good agreement with models of exoplanetary atmospheres (18) , allowing us to estimate the atmospheric properties of effective temperature (T eff ) and surface gravity (g). Systematic exploration of interpolated atmospheric models indicates T eff = 850 ± 50 K and logðgÞ ¼ 3:8 þ1:7 −0:8 (centimeters per square second), where the uncertainty in surface gravity is mostly dominated by systematic uncertainties within the models (namely in the cloud properties) and not by the model-data fit.
Comparison to standard classifications of field brown dwarfs (Fig. 2B) indicates a spectral type of T2 to T4.
The transition between L and T spectral types (T eff~2 100 to 1300 K and T eff~1 300 to 600 K, respectively) is marked by the appearance of H-and K-band methane absorption in the atmospheres of the cooler T dwarfs. In J versus J-H color-magnitude space (Fig. 3 ), this appears as bluer color (more negative J-H color) compared with the hotter L dwarfs. At the threshold of the L-T transition, the photosphere becomes brighter in the J band as silicate clouds transition from above to below the photosphere (22) . The fact that cloudy directly imaged exoplanets (such as HR8799bcde, b Pic b, or 2M1207b) appear at the bottom of the L-dwarf sequence points to cloud layers in these low-gravity objects that are thicker than in their higher-gravity brown dwarf counterparts (23, 24) . In contrast, HD 131399Ab and the two other directly imaged T-type exoplanets follow the T-dwarf sequence, which we interpret as evidence for a similarity between the mostly or fully cloud-free atmospheres of these exoplanets and cool field brown dwarfs. HD 131399Ab is the closest directly imaged exoplanet to the L-T transition, which is consistent with the partly cloudy atmosphere suggested by the H versus H-K hot-start model predictions ( fig. S1 ).
Orbital characterization of HD 131399
HD 131399Ab is the widest known exoplanet that orbits within a triple system (Figs. 4 and 5) . Because the presence of a second and third star can greatly limit the phase space where planetary orbits are stable, observing a system in this configuration is thought to be unlikely (7, 25) . In our ongoing survey, we have imaged 18 single A-type stars and 15 binary or triple-star systems with separations similar to HD 131399A-BC. Although the sample size is small, it is surprising to us that the first planet detected in our survey is in a triple system. We used astrometric observations dating back to 1897 (table S2) (26) to fit the orbit to a grid of models for a binary system using the center of mass of the BC system. Our neglect of the BC orbit is motivated by the system's hierarchical nature and the fact that most previous data could not resolve the pair. robust orbital solution, though we performed a preliminary orbit fit to obtain the plausible parameter ranges of a planet ¼ 82 The orbital configuration of HD 131399 results in a more dynamically extreme configuration than for any known exoplanet within a binary or multiple system (Fig. 5 and table S4) , with the ratio of semimajor axes q ¼ a planet =a ⋆ ¼ 0:14 to 0:38. Values of q < 0.23 require higher planetary eccentricities (e p > 0.3) to maintain the ≥82 AU observational constraint on the planet's projected separation. The most dynamically similar planets to HD 131399Ab are g Cephei Ab (27) , discovered via radial velocity measurements; HD 41004Ab (28); and HD 142Ac (29) , for which q~0.1. Perhaps the most similar well-studied example is the transiting system Kepler-444, which hosts five subEarth-sized planets within 0.1 AU from the primary Kepler-444A (30) . The latter stellar system is likewise a hierarchical triple, with a tight M-dwarf binary at 66 AU from the planet-hosting primary star. Though similar to these other systems, HD 131399 stands out due to the proximity of the planet's orbit to that of the other stars in the system.
We use a small suite (~300) of N-body simulations (10) to demonstrate that stable orbital configurations that are consistent with the astrometric constraints exist for all four bodies. This holds even for some of the more extreme configurations (i.e., smaller A-BC semimajor axis and higher eccentricity). The current astrometry also permits unstable orbits for the planet. Given the young age of the system, the planet might be on an unstable orbit, perhaps due to planet-planet or planet-star scattering, and could yet be ejected to become a free-floating planetary-mass object. This is not the most likely scenario, as the time scale for the planet to suffer an ejection or collision is only a few million years (25) . In all cases, the orbit of HD 131399Ab is non-Keplerian, as the planet's orbital parameters (a, e, and i) undergo complex evolution due to the influence of the BC pair ( fig. S3 ).
Formation of HD 131399Ab and the origin of its long-period orbit
Given its location in a triple system, a broad set of formation pathways is possible for HD 131399Ab. Because planet formation is inhibited in the outer disk regions due to the strong perturbations from the binary (31, 32) , it is unlikely that HD 131399Ab formed in isolation on its present long-period orbit around HD 131399A and is now on a stable orbit around HD 131399A. We speculate that the planet may have arrived at its present orbit through one of three possible scenarios. Scenario (i): The planet formed on a short orbit around star A and subsequently underwent a planet-planet scattering event that ejected it to its current long-period orbit (33) . This scenario requires the presence of a massive planet on a shorter-period orbit. Such a planet could have evaded detection if it were beneath our sensitivity limits (see supplementary online text for details). As a consequence we would also expect the Ab orbit to be rather eccentric. Scenario (ii): HD 131399Ab formed as a circumbinary planet around components B and C and underwent a scattering event via interactions with another planet or with the binary itself (6) . This scenario would also be most consistent with an eccentric Ab orbit. Scenario (iii): The planet formed around either component before the A-BC system arrived in its present configuration. The stellar orbits could have evolved subsequently due to interactions with the natal disks or secular effects (34) . This scenario does not require the presence of a second close-in massive planet, though the resulting outer planetary orbit may be indistinguishable. Thus, it is possible that the planet is no longer orbiting the star around which it formed. These scenarios are also consistent with HD 131399Ab obtaining an orbit around all three components, although the short lifetime of such an orbit makes this configuration unlikely. 5 . Ratio of semimajor axes of planets that orbit one star of a multiple system (satellite, or Stype, planets) to the semimajor axes of their host systems. The gray solid line at one-third times the binary separation represents the approximate critical radius of tidal truncation and orbital stability in the coplanar case (25) . Although the critical radius varies somewhat for different parameters of stellar mass ratio, eccentricity, and inclination, HD 131399Ab is much closer to the critical radius than any other known exoplanet. For systems in which either the planet or stars lack precise orbital solutions, their projected separations are plotted instead (denoted by triangular plot points instead of circles). This includes HD 131399Ab, although from the results of the preliminary orbit fit, the semimajor axes of this system are indeed similar to the projected separations. See table S4 for the list of included objects and their associated references. M J , Jupiter mass. ) ligands (6) (7) (8) . A small number of these high valent and generally very reactive iron complexes have even been structurally characterized, such as the first Fe(IV) oxo (9), Fe(IV) (10) , and even an Fe(V) nitrido (11) complex. However, most iron complexes in unusually high oxidation states (i.e., > +4) are unstable, such as the Fe(V) oxo (12) and Fe(VI) nitrido (13) that were identified spectroscopically merely as fleeting intermediates. Purely organometallic compounds with an iron center in the +4 oxidation state are exceedingly rare. One example of an organometallic Fe(IV) complex is the highly reactive, thermally unstable (half-life of 30 hours at 23°C), tetrakis(1-norbornyl) iron complex [Fe(Nor) 4 ] (14, 15) . The studies presented here, however, suggest that the classic cyclopentadienyl p-donor ligand pentamethylcyclopentadienide (Cp* = C 5 Me 5 -, where Me = methyl) generally holds the potential to stabilize high oxidation states in organometallic chemistry, similar to the strong oxido and nitrido p-donor ligands in inorganic coordination chemistry (16) .
The first observation that decamethylferrocenium [Cp* 2 Fe] + may be further oxidizable dates back to a 1980 report that an AlCl 3 -based melt of decamethylferrocene exhibits two reversible electrochemical oxidation events (17) . The electrochemical oxidation of the unsubstituted ferrocenium cation proved to be irreversible. In 1983, the dicationic decamethylferrocenium species was generated in liquid sulfur dioxide by means of coulometry and was characterized in situ by 
